Abstract
where, w 1 , bruise width along the major axis; 137 w 2 , bruise width along the minor axis.
138
Sections through bruised apples show that the bruise shape is approximately spherical 139 above and below a contact plane, shown on the bruise shape, Fig. 2 (Schoorl and Holt, 140 1980) . It was observed that a section through the bruise appeared to have a circular or 141 elliptical profile. Therefore it was proposed that the bruise volume could be described as a 142 section of a sphere or ellipsoid. In this study, the volume was calculated for an elliptical 143 shape defined below the contact plane (point of maximum deflection of the apple during 144 impact) (Mohsenin, 1986; Bollen et al, 1999) . Observation of bruise shapes suggests that 145 this is a reasonable approximation. Bruise volumes were then calculated using the 146 elliptical bruise thickness method (Mohsenin, 1986) . This calculation method has been 147 compared with a range of others (Bollen et al, 1999) . The bruise widths were measured by 148 using a digital caliper. Bruise depth was measured by using a digital caliper after the 7 bruised apple was cut perpendicular at the bruise width along the major axis. Bruise 
Statistical analysis

155
Statistical tests were performed using the Origin software (OriginLab Corporation, 156 USA, version 6.1). Results were expressed as means ± standard deviation (SD) for each 157 determination. Statistical analysis was done with one-way analysis of variance.
158
Differences at p<0.05 were considered to be statistically significant. Average apple bruise areas and volumes (calculated from Eqs. (1) and (2)) after impacts 163 against three counterface materials are shown in Fig. 3 and Fig. 4 , respectively. The 164 smallest bruise area and volume were seen with double-wall corrugated fiberboard, and 165 the larger with rubber and wood. In the case of fruit dropping on the three impact surfaces, 166 the bruise area (Fig. 3 ) and bruise volume (Fig. 4) was increased with the drop height.
167
Changes of the bruise due to drop height were found significant different (p<0.05) not 168 only between double-wall corrugated fiberboard counterface and rubber conterface, but 169 also between double-wall corrugated fiberboard counterface and wood conterface; it was 170 found no significant different (p>0.05) between rubber counterface and wood conterface.
171
These data show that bruises differ for the different impact surfaces from the same drop 172 height, due to the different buffer capacities of the impact materials. These data indicate surface, in order to assess and predict the apple bruise. 
184
The pressure-sensitive film scans show that the contact pressure is the smallest at the 185 edge; the highest is not at the center of the contact area, but at several positions in the 186 pressured part (as shown in Fig. 5 ). This data differ from those of previous investigations.
187
Ultrasonic scans show that the contact pressure is highest at the center of the contact area,
188
falling away towards the edge (Lewis et al. 2008) . Measurements with a commercial 189 tactile sensing system carried out by Herold et al. (2001) showed that this is the case up to 190 a certain load, but above this load the greatest pressure is at the edge of the contact area.
191
The three techniques have obvious differences; the commercial tactile system is invasive 192 and could not be calibrated accurately; and the commercial tactile sensing system and the 193 ultrasonic scans both detected the static loads in the two studies mentioned above. investigation by Lewis et al. (2008) . Lewis et al. (2008) found that the maximum contact 228 pressure was not increasing with applied load by using ultrasonic technique. And it was 229 thought that the maximum value determined was that at which the apple flesh was 230 yielding. In this study, the value of peak pressure observed was 0.5-0.6 MPa by using studied, because the probability of damage is also another important factor for evaluating 257 the fruit damage (Garcia-Ramos et al., 2002) .
258
The bruise prediction models may be applied by either impact energy (Studman et al., 
